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Measurement and Interpretation of Flow Stress Data 

for the Simulation of Metal-Forming Processes 
S.L. Semiatin* and T. Altan** 

* Air Force Research Laboratory, Materials & Manufacturing Directorate, WPAFB, OH 
**The Ohio State University, Columbus, OH 

  

The yield stress of a metal under uniaxial conditions is often referred to as the “flow stress”.  

Metal starts to deform plastically when the applied stress (in uniaxial tension without necking or in 

uniaxial compression without bulging) reaches the value of the yield or flow stress. Metals which 

undergo flow hardening or softening exhibit an increasing or decreasing flow stress, respectively, with 

increasing strain. Furthermore, many metals show a small or large dependence of flow stress on both 

strain rate and temperature at cold or hot working temperatures, respectively. The quantification of 

flow stress constitutes one of the most important inputs to the simulation of a metal-forming process.  

The flow stress of a metal may be quantified in terms of its dependence on strain, strain rate, 

and temperature. Such an approach yields a phenomenological description of flow behavior and is 

useful primarily for the specific material condition/microstructure and deformation regime in which 

actual measurements have been made. Alternatively, flow stress models can be based on so-called 

internal state variables such as dislocation density, grain size, phase fraction, strain rate, and 

temperature. In this case, the flow behavior can sometimes be extrapolated beyond the regime of 

measurements provided the deformation mechanism is unchanged. Irrespective of whether flow stress 

is described phenomenologically or mechanistically, similar measurement techniques are used.     

For a given microstructural condition, the flow stress σ  can be expressed as a function of the 

strain ε , the strain rate, ε , and the temperature T:1

   

 

)ε,ε f(T,σ =                       (1) 

During hot forming of metals (at temperatures above approximately one-half of the melting point), the 

effect of strain on flow stress is often weak and the influence of strain rate (i.e., rate of deformation) 

becomes increasingly important. Conversely, at room temperature (i.e., during cold forming), the effect 

                                                 
1 Under uniaxial stress conditions, the axial stress σ , axial strain ε , and axial strain rate  ε are equal to the 
effective stress σ  , effective strain ε  , and effective strain rate ε  . This is no longer true for multiaxial states 
of stress. Hence, effective quantities are used more often to represent flow stress because of their general 
applicability. 
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of strain rate on flow stress is usually small. The degree of dependence of flow stress on temperature 

varies considerably among different materials. Therefore, temperature variations during the forming 

process can have different effects on load requirements and metal flow for different materials.  

To be useful in the analysis of a forming process, the flow stress of a metal should be 

determined experimentally for the strain, strain rate, and temperature conditions that exist during the 

process and for the specific microstructural condition of the workpiece material. The most commonly 

used methods for determining flow stress are the tension, uniform compression, and torsion tests [1]. 

 

Tension Test 
The tension test is commonly used to determine the mechanical (service) properties of metals. 

It is less frequently used to determine the large-strain flow stress of metals due the occurrence of 

necking at relatively small strains. Nevertheless, it does find application for the modeling of sheet-

forming processes under ambient-temperature conditions (in which deformations can be moderate) and 

superplastic-forming operations at elevated temperatures in which a large value of the strain-rate-

sensitivity exponent delays necking to large strains.  

Two methods of representing flow stress data from the tension test are illustrated in Figure 1 

[2]. In the classical engineering, or nominal, stress-strain diagram (Figure 1a), the engineering stress S 

is obtained by dividing the instantaneous tensile load, L, by the original cross-sectional area of the 

specimen, Ao. The stress S is then plotted against the engineering strain, e = (l – lo)/lo. During 

deformation, the specimen elongates initially in a uniform fashion. When the load reaches its 

maximum value, necking starts and the uniform uniaxial stress condition ceases to exist. Deformation 

is then concentrated in the neck region while the rest of the specimen undergoes very limited 

deformation. 

Figure 1b illustrates the true stress-strain representation of the same tension-test data. In this 

case, before necking occurs, the following relationships are valid: 

σ  = true stress (flow stress) 

            = instantaneous load/ instantaneous area 

           = L/A 

     = S(1+e)              (2) 

and 
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Prior to necking, the instantaneous load is given by L = A σ . The criterion for necking can be 

formulated as the condition that L be maximum or that: 

  0
εd

dL
=           (4) 

Furthermore, prior to the attainment of maximum load, the uniform deformation conditions (Equations 

(2) and (3)) are valid [2], and the following useful relations can be derived: 
ε

oeAA −=  

and 
ε

o eσAσAL −==          (5) 

Combining Equations (4) and (5) results in: 







 −== −− εε

o eσe
εd
σdA0

εd
dL        (6) 

or 

σ
εd
σd

=           (7) 

Very often the flow stress curve (or simply flow curve) obtained at room temperature can be expressed 

in the form of a power law relation between stress and strain, i.e.,  
nεKσ =           (8) 

in which K and n are material constants known as the strength coefficient and strain-hardening 

exponent, respectively. Combining Equations (7) and (8) results in: 

n1n )εK(σ)εKn(
εd
σd

=== −         (9) 

or 

nε =            (10) 

The condition expressed by Equation (7) is shown schematically in Figure 2. From this figure 

and Equation (10), it is evident that at low forming temperatures (for which Equation (8) is valid), a 

material with a large n has greater formability, i.e., it sustains a large amount of uniform deformation 

in tension, than a material with a smaller n. It should be noted, however, that this statement is not true 

for materials and conditions for which the flow stress cannot be expressed by Equation (8). Such is the 



   

4 
 

case at elevated (hot-working) temperatures at which the material response is very rate sensitive but 

often exhibits limited strain hardening. 

 The determination of flow stress after the onset of necking (Figure 1b) requires a correction 

because a triaxial state of stress is induced (Figure 3). Such a correction for a round-bar specimen, 

derived by Bridgman [3], is given by: 
1

2 2R
r1ln

r
2R1

r
Lσ

−















 +






 +

π
=        (11) 

The quantities r and R are defined in Figure 3. For the evaluation of Equation (11), the values of r and 

R must be measured continuously during the test. A similar expression was also derived by Bridgman 

to determine the flow stress during necking of sheet tension samples.  

 

Uniaxial Compression Test 
The compression test can be used to determine flow stress data for metals over a wide range of 

temperatures and strain rates. In this test, flat platens and a cylindrical sample are heated and 

maintained at the same temperature so that die chilling, and its influence on metal flow, is prevented. 

To be applicable without corrections or errors, the cylindrical sample must be upset without any 

barreling; i.e., the state of uniform stress in the sample must be maintained (Figure 4). Barreling is 

prevented by using adequate lubrication. Teflon, molybdenum sulfide, or machine oil is often used at 

room temperature. At hot working temperatures, graphite in oil is used for aluminum alloys, and 

melted glass is used for steel, titanium, and high-temperature alloys. To hold the lubricant, spiral 

grooves are often machined on both the flat surfaces of cylindrical test specimens (Figure 5a). The load 

and displacement (or sample height) are measured during the test. From this information, the average 

pressure is calculated at each stage of deformation, i.e., for increasing axial strain.  

For frictionless, perfectly uniform compression, the average pressure-axial stress curve is 

equivalent to the flow curve. In this case, similar to the uniform elongation portion of the tension test, 

the following relationships are valid: 

o

o

A
Aln

h
hlnε ==          (12) 

A
Lσ =           (13) 

ε
oeAA =           (14) 
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h
v

hdt
dh

dt
εdε ===          (15) 

 

in which v is instantaneous crosshead speed, ho and h are the initial and instantaneous sample heights, 

respectively, and Ao and A are initial and instantaneous cross-sectional areas, respectively. Typically, 

the compression test can be conducted without barreling to ~50 pct. height reduction ( ε  = 0.69) or 

more. A typical load-displacement curve and the corresponding σ - ε  curve obtained for the uniform 

compression of annealed aluminum 1100 at room temperature is shown in Figure 6. 

At hot working temperatures (i.e., temperatures typically in excess of one half of the absolute 

melting point), the flow stress of nearly all metals is very strain-rate dependent. Therefore, hot 

compression tests should be conducted using a test machine that provides a constant true strain rate; 

i.e., a constant value of the ratio of the crosshead speed to the instantaneous sample height (Equation 

(15)). For this purpose, programmable servohydraulic testing machines or cam plastometers are 

commonly used. Sometimes, a mechanical press is employed; however, an approximately constant 

strain rate is obtained for only the first half of the deformation when using such equipment.  In order to 

maintain nearly isothermal and uniform compression conditions, hot compression tests are conducted 

in a furnace or using a preheated fixture such as that shown in Figure 7. The dies are coated with an 

appropriate lubricant; e.g., oil or graphite for temperatures to 800°F (425°C) and glass for temperatures 

to 2300°F (1260°C). The fixture/dies and the specimen are heated to the test temperature, soaked for a 

predetermined time (usually ~10-15 minutes), and then the test is initiated. Examples of tested hot 

compression samples are shown in Figure 8. Examples of high-temperature σ - ε  data are given in 

Figure 9. 

Specimen Preparation 

There are two machining techniques that can be used for preparing specimens for the cylinder-

compression test, viz., the spiral-groove design (Figure 5a) and the Rastegaev specimen (Figure 5b). 

The spiral grooves and the recesses of the Rastegaev specimen serve the purpose of retaining the 

lubricant at the tool-workpiece interface during compression, thus minimizing barreling. It has been 

determined that Rastegaev specimens provide better lubrication and hold their form better during 

testing compared to the spiral-grooved specimens. The specifications for the specimens and the test 

conditions are as follows [4]: 
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Solid cylinder (diameter = 0.5±0.001 in., length = 0.75±0.005 in.). 

Specimen with spiral grooves (Figure 5a) 

Ends should be flat and parallel within 0.0005 in./in. 

Surface should be free of grooves, nicks and burrs. 

Spiral grooves machined at the flat ends of the specimen with approximately 0.01 in. depth. 

 

Flat recesses at the ends should be filled with lubricant. 

Rastegaev specimen (Figure 5b) 

Dimensions t0 = 0.008±0.0005 in. and uo = 0.02±0.0005 in. at the end faces have a significant effect on 

the lubrication conditions.  

Rastegaev specimen ensures good lubrication up to high strains of ~0.8 to 1; i.e., the specimen 

remains cylindrical due to the radial pressure that the lubricant exerts on the ring. 

to/uo = 0.4 for steels (optimum value at which the specimen retains cylindrical shape up to 

maximum strain before bulging occurs). 

Parallelism of the Press (or Testing Machine) Dies 

In a compression test, load is applied on the billet using flat dies. In order to ensure that a 

uniaxial state of stress exists during the experiment, the applied load should be exactly parallel to the 

axis of the cylindrical specimen. This calls for measurement of the parallelism of the platens of the 

testing machine or press. A commonly used technique for measuring parallelism involves compressing 

lead billets of the same height as the test samples; lead is used because it is soft and deforms easily at 

room temperature. The circumferential variation in billet height is an indication of the parallelism of 

the platens. Alternatively, for large-diameter dies, lead samples can be placed at different locations. 

The difference in the final height of the samples following compression can be used to correct for 

parallelism. 

Errors in the Compression Test 

 Errors in the determination of flow stress by the compression test can be classified in three 

categories [4]: 

• Errors in the displacement readings, which result in errors in the calculated strain 

• Errors in the load readings, which result in errors in the calculated stress 

• Errors in the processing of the data due to barreling of the test specimens 
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 The first and second type errors may be reduced or eliminated by careful calibration of the 

transducers and data acquisition equipment. However, barreling of the test specimens during 

compression cannot be entirely eliminated because there is always friction between the specimen and 

the tooling. The maximum error in determining flow stress via compression testing is thus usually that 

associated with friction. In order to correct the flow curve and to determine the percentage error in 

flow stress, finite-element-method (FEM) analysis is often used.  

Average pressure (pav) - axial strain (ε) plots derived from measured load-stroke data (corrected 

for the test-machine compliance) and reduced assuming uniform deformation can also be corrected for 

friction effects using the following approximate relation [7]: 

1)(
h)33(

dm1
p

ss

av

−+=
σ  ,        (16) 

in which ms denotes the friction shear factor determined from a ring test (described next), and ds and h 

represent the instantaneous sample diameter and height, respectively. 

Gleeble Systems 

Gleeble systems can be used to conduct hot/warm compression or tension tests on different 

specimen geometries. The Gleeble 3500 system uses direct resistance heating capable of heating the 

specimen at a rate up to 10,000°C/s. A high cooling rate of 10,000°C/s can be achieved using an 

optional quench system. Temperature measurements are done using thermocouples or an infrared 

pyrometer. The Gleeble 3500 mechanical system has a complete integrated hydraulic servo system 

capable of exerting maximum tensile/compressive (static) forces of 10 tons. It also has Windows-based 

software for running the test and analyzing the data.     

 

Ring Test 
The ring test consists of compressing a flat ring shaped specimen to a known reduction (Figure 

10). Changes in the external and internal diameters of the ring are very dependent on the friction at the 

tool/specimen interface [5]. If the friction were equal to zero, the ring would deform in the same way 

as a solid disk, with each element flowing radially outward at a rate proportional to its distance from 

the center. With increasing deformation, the internal diameter of the ring is reduced if friction is large 

and is increased if friction is low. Thus, the change in the internal diameter represents a simple method 

for evaluating interface friction.  
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The ring test can be used to quantify friction in terms of either an interface friction shear factor 

ms ( )/(3 στ= , in which τ denotes the interface shear stress) or a Coulomb coefficient of friction µ. 

In either case, a numerical simulation of the ring test is conducted for the specific ring geometry, 

workpiece/die temperatures, and a range of friction factors/coefficients of friction to generate a series 

of so-called calibration curves describing the dependence of the percentage decrease in the ring ID on 

height reduction. Corresponding measured values of the ID decrease (or increase) for several different 

height reductions are cross plotted on the set of calibration curves to determine the pertinent friction 

factor/coefficient of friction; the ID measurements are made at the internal bulge A typical set of 

calibration curves for ring tests under isothermal conditions (die and workpiece at the same 

temperature) and various ring geometries (i.e., ratios of initial ring OD: ring ID: thickness) are shown 

in Figure 11. 

 

Plane-Strain Compression Test  
The plane-strain compression test (Figure 12) was developed to establish stress-strain curves 

for the rolling process. According to Watts and Ford [8], the ratio of the width of the plate b to its 

thickness h should be greater than 6 (i.e., b/h >6) in order to ensure plane-strain compression. The 

recommended value of b/h should be at least 10 [9]. The ratio between breadth of the tool and the plate 

thickness h should satisfy the inequality 2 < a/h < 4 [10]. 

During the test, one starts with a tool whose breadth is twice the initial thickness of the strip. 

This tool pair is used to compress the specimen to half of its thickness. Then, the tool is exchanged 

with second tool with half the breadth of the first tool and compression goes on until the sheet is one-

fourth its original thickness. A tool with one-half the breadth of the second can be inserted and so on. 

Thus a plane strain compression test can be carried out keeping a/h between the recommended limits 

[10]. 

The equivalent strain in the plane-strain compression test is calculated by using the following 

relation [10] 

                                                ε  = (2/ 3 ) ln (h/h1)                                                                  (17) 

in which h1 denotes original thickness of the specimen. The uniaxial flow stress (effective stress) is 

calculated using the expression [10] 

                                                σ = ( 3 /2)(F/ab)                                                                        (18) 
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The disadvantages of plane-strain compression test are [11] 

- The anvils must be kept exactly aligned under each other because even a small lateral shift 

will decrease the area under load.  

- Along the edges of the dies, there is a stress concentration which may cause crack initiation at 

a strain for which no cracks would occur under an uniaxial load.   

 

Torsion Test 
Because complications associated with necking (tension test) and barreling (compression test) 

are avoided, the torsion test can be used to obtain ε-σ  data at higher strains, often in excess ε  = 2.  

Therefore, it is used when ε-σ  must be known for bulk forming operations such as extrusion, radial 

forging, or pilger rolling, in which very large strains are present. 

 In the torsion test, a hollow tube or solid bar is twisted at a constant rotational speed; the 

torque M and the number of rotations θ (in radians) are measured.  

For a tubular specimen (internal radius = r, wall thickness = t, and gage length = l), the average 

shear stress τ in the gage section is given by: 

tr2
M

2π
=τ           (19) 

The shear strain γ is: 

l
rθ

=γ             (20) 

And the corresponding shear strain rate γ is 

  
l
θr 

 =γ             (21) 

For a solid bar of radius R and gage length l, the shear stress is given by the following relation 

[12]:  

3R2
m*)M*n(3

π
++

=τ          (22) 

Here, n* and m* denote the instantaneous slopes of logM-vs-logθ and logM-vs-log θ  plots, 

respectively. In most cases n* ~ n, the strain-hardening exponent, and m* ~ m, the strain-rate-

sensitivity exponent. The corresponding shear strain and shear strain rate are those pertaining to the 

outer surface of the specimen, i.e.,  
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l
Rθ

=γ           (23) 

l
θR 

 =γ          (24) 

 Assuming that the material can be considered to be isotropic, γ−τ results from the torsion test 

can be correlated to those from the uniform tension or compression tests using the following relations 

derived from the von Mises yield criterion: 

τ=σ 3           (25) 

and 

3/γ=ε            (26) 

 

Split-Hopkinson Bar Test 
Forming processes such as hot or cold rolling which are carried out at high rates of deformation 

necessitate flow stress data at high strain rates. For this purpose, the split Hopkinson pressure bar is 

used for compression tests (as well as tension or torsion tests) at high strain rates at room or elevated 

temperature.  

A schematic illustration of the test apparatus is shown in Figure 13. The apparatus contains a 

striker, an incident bar, and a transmitted bar. Figure 13a shows the general elastic wave propagation in 

compressive test. In compression, when the striker bar impacts the incident bar, a compressive stress 

pulse is generated and travels through incident bar until it hits the specimen. At the bar/specimen 

interface part of the incident stress pulse is reflected due to material (impedance) mismatch. The 

transmitted pulse emitted from the specimen reaches the free end of transmitted bar and is reflected 

there as a tension pulse. The tensile stress pulse travels back through the transmitted bar, and upon 

reaching the specimen/transmitted bar interface, results in separation, thus ending the test. The stress, 

strain, and strain rate in the specimen are calculated in terms of strains recorded from the two strain 

gauges A and B. 

 In tension version of the test (Figure 13b), the specimen is attached to incident and transmitted 

bars. The compressive stress pulse generated in the incident bar travels along the specimen until it 

reaches the end of the transmitted bar. After reflection, the tensile stress pulse propagates through 

specimen to the incident bar. Strains recorded by strain gauges A and B are measured [13]. 
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Indentation Tests 

Indentation tests are attractive for determining flow-stress data under the following conditions 
[14].  

- The sample size is limited because of the process technology involved or when the number of 

materials to be tested is large.    

             - Testing of coated components. A number of engineering components are coated with 

different materials to improve their durability. Using indentation tests, flow stress behavior of coatings 

can be estimated by adjusting the indentation load. 

At a given strain, the flow stress  σ  and hardness value H are given by the relation [14] 

                                  H(ε)=Cf  )(εσ ,                                                                            (27)   

in which Cf is the constraint factor. The method for determining flow stress-strain relationship from 

static or dynamic hardness tests using the constraint factor approach is given in Reference 14. Flow 

curves can also be obtained from hardness measurements by continuously measuring the force and 

depth of indentation. However, this requires an extremely high degree of measurement accuracy [14]. 

 

Effect of Deformation Heating on Flow Stress 
The plastic work imposed during metalworking is dissipated by the formation of metallurgical 

defects (e.g., dislocations) and the generation of heat. The former usually accounts for 5-10 pct. of the 

work, while deformation heating accounts for 90-95 pct. of the work. Depending on the particular size 

of the workpiece, a greater or lesser amount of the deformation heat dissipates into the dies. For the 

sample sizes typically used to determine flow stress (e.g., ~12-mm diameter x 18-mm height cylinders 

for isothermal compression tests), a measurable fraction of the heat is retained in the workpiece for 

strain rates of the order of 0.01 s-1 or greater. For these strain rates, it becomes important to correct 

flow-stress data for the temperature rise associated with deformation heating.  

The temperature increase ∆T can be estimated from the following relation: 

cρ
d0.90~ΔT

d

ε∫ ση          (28) 

Here, η denotes the adiabaticity factor (=fraction of the deformation heat retained in the sample), c is 

the specific heat, and ρd is the density. The integral represents the area under the “uncorrected” true 
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stress-strain curve from a strain of zero to the strain for which the temperature rise is to be calculated. 

The adiabaticity factor for hot compression testing of small samples is equal to ~0.5, ~0.9, or ~1 for 

strain rates of 0.1, 1, and 10 s-1 [15, 16].  

 The procedure for correcting flow curves for deformation heating comprises the following 

steps: 

(i) Calculate the temperature rise (Equation (28)) for a number of specific strain levels for each 

of several flow curves measured at different nominal test temperatures and a given strain rate. 

(ii) Construct plots of measured flow stress versus instantaneous temperature (equal to nominal 

test temperature + ∆T) for each of the given strains from step (i).  

(iii) Determine the value of   /dTdσ for a series of strains and nominal test temperatures from 

the stress-versus-temperature plots. 

(iv) Using these values of /dTdσ  and the calculated temperature rise, estimate what the 

isothermal flow stress would have been in the absence of deformation heating at a series of strains for 

each measured flow curve. 

 

Fitting of Flow Stress Data 
Various analytical equations have been used to fit the flow stress data obtained from tension, 

compression, and torsion tests. The specific form of the equation usually depends on the test 

temperature (i.e., cold-working versus hot-working temperatures) and, at hot-working temperatures, on 

the strain rate. The definition of the temperature for cold versus hot working is not precise. However, 

the transition usually occurs at approximately one-half of the melting point on an absolute temperature 

scale. From a metallurgically standpoint, hot working is characterized by a steady-state flow stress 

beginning at modest strains (order of 0.25) due to dynamic recovery or by the occurrence of 

discontinuous dynamic  recrystallization.   

Cold-Working Temperatures 

A typical σ - ε  curve obtained at cold-working temperatures is shown in Figure 6b. Strain 

hardening is pronounced, but the strain-rate dependence is usually minimal. The flow stress σ  

increases with increasing ε  and, for some materials, may eventually reach a saturation stress at very 

large true strains (usually ε > 1). Because of the parabolic shape of the flow curve at cold-working 

temperatures, true stress-strain data can often be fit by a power-law type of relation mentioned 

previously in this article, viz.,  
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  nεKσ =           (8) 

in which K and n are material constants known as the strength coefficient and strain-hardening 

exponent, respectively. A log-log plot of experimental data can be used to determine whether Equation 

(8) provides a good fit. If so, the data fall on a straight line of slope equal to n, and the strength 

coefficient K is equal to the flow stress at a true strain of unity. Often at small strains, an 

experimentally determined curve may depart from linearity on the log-log plot. In this case, other 

values of n and K may be specified for different ranges of true strain. Typical values of n and K 

describing the flow-stress behavior of various metals at cold-working temperatures are given in Tables 

1-3.  

Other analytical expressions have been utilized to fit the true stress-strain curves for metals at 

cold-working temperatures. These include the following (in which a,b, and c are material/fitting 

constants that differ in each equation):  

  Ludwik Equation: c)εb(aσ += ,       (29) 

Voce Equation: )]εcexp([1*a][baσ −−−+=      (30) 

Swift Equation: n)εc(aσ +=         (31) 

The Ludwik equation approximates the stress-strain curves for annealed materials, but tends to 

underestimate the stress at low strains (<0.2) and to overestimate the stress for high strains. For heavily 

prestrained materials, c ~ 1. The Voce and Swift equations tend to be used less frequently, partly 

because of their greater complexity. 

Hot-Working Temperatures 

At hot working temperatures, σ  increases with increasing ε  and with decreasing temperature 

T. Irrespective of strain rate, the flow curve generally exhibits a short strain-hardening transient 

followed by a peak stress. In materials whose principal dynamic restorative mechanism is dynamic 

recovery, subsequent deformation is characterized by a steady-state flow stress equal to the peak stress. 

In materials which undergo discontinuous dynamic recrystallization (characterized by the nucleation 

and growth of new, strain free grains during deformation), flow softening occurs following the peak 

stress until a steady-state microstructure and flow stress is achieved. These phenomena are described 

more extensively in the subsequent section dealing with Metallurgical Considerations at Hot-Working 

Temperatures.    
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In many engineering hot-working applications, a simple power-law equation is used to describe 

the flow stress as a function of strain rate: 
mεCσ =           (32) 

Here, C is a constant (or a function of strain sometimes needed to describe the low-strain, strain-

hardening dependence) and  m is the strain-rate sensitivity exponent. A log-log plot of σ - ε  data can 

be used to determine whether Equation (32) provides a good fit. If so, the data fall on a straight line of 

slope equal to m. Some typical C and m values for various metals are given in Tables 4-7 [17]. It has 

also been found that the dependence of the m value on homologous temperature (the ratio of the test 

temperature to the melting point on the absolute temperature scale) is similar for many metallic 

materials (Figure 14) [18].  

Metallurgical Considerations at Hot-Working Temperatures  
 The flow stress of a metallic material is closely coupled to its initial microstructure and how its 

microstructure evolves as a function of strain, strain rate, and temperature. Thus, the measured flow 

stress is actually the average macroscopic deformation resistance associated with a number of 

micromechanical processes such as the glide (slip) and climb of dislocations, dislocation annihilation, 

slip transfer across grain boundaries, dynamic recrystallization, dynamic grain growth/coarsening, etc. 

For this reason, a particular set of flow stress measurements is specific to the initial material and 

material condition for which it has been obtained.    

Some of the important metallurgical factors that aid in the interpretation of flow curves at hot-

working temperatures are summarized in this section. These include the influence of dynamic recovery 

and dynamic recrystallization on flow response and the effect of microstructural features (e.g., grain 

size, crystallographic texture, and second phases) on plastic flow. 

Deformation Mechanisms at Conventional Metalworking Strain Rates 

The key mechanisms that control microstructure evolution and plastic flow during hot (and and 

to some extent cold) working at conventional metalworking strain rates (  ε ≥ 0.1 s-1) are dynamic 

recovery and dynamic recrystallization [19, 20]. As the terms imply, dynamic recovery and 

recrystallization occur during hot working. As metals are worked, defects are generated in the crystal 

lattice. The most important defects are line defects known as dislocations. As deformation increases, 

the deformation resistance increases due to increasing dislocation content. However, the dislocation 
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density does not increase without limit because of the occurrence of dynamic recovery and dynamic 

recrystallization.  

In high-stacking-fault-energy (SFE) metals (e.g., aluminum and its alloys, iron in the ferrite 

phase field, titanium alloys in the beta phase field), dynamic recovery (DRV) predominates. During 

such processes, individual dislocations or pairs of dislocations are annihilated because of the ease of 

climb (and the subsequent annihilation of dislocations of opposite sign) and the formation of cells and 

subgrains which act as sinks for moving (mobile) dislocations. Because subgrains are formed and 

destroyed continuously during hot working, hot deformed metals often contains a collection of 

equiaxed subgrains (with low misorientations across their boundaries) contained within elongated 

primary grains [20, 21]. Furthermore, the dynamic-recovery process leads to low stresses at high 

temperatures and thus cavity nucleation and growth are retarded, and ductility is high. The evolution of 

microstructure in high-SFE (and some low-SFE) materials worked at lower temperatures, such as those 

characteristic of cold-working, is similar. At these temperatures, subgrains may also form and serve as 

sinks for dislocations. However, the subgrains are more stable. Thus, as more dislocations are absorbed 

into their boundaries, increasing misorientations are developed, eventually giving rise to an equiaxed 

structure of high-angle boundaries. Such a mechanism forms the basis for grain refinement in so-called 

severe-plastic-deformation (SPD) processes. This mechanism of grain refinement is sometimes called 

continuous dynamic recrystallization (CDRX) because of the gradual nature of the formation of high 

angle boundaries with increasing strain. 

In low-SFE materials (e.g., iron and steel in the austenite phase field, copper, nickel), dynamic 

recovery occurs at a lower rate under hot working conditions because mobile dislocations are 

dissociated, and therefore climb is difficult. This leads to somewhat higher densities of dislocations 

than in materials whose deformation is controlled by dynamic recovery. Furthermore, as the 

temperature is increased, the mobility of grain boundaries increases rapidly. Differences in dislocation 

density across the grain boundaries, coupled with high mobility, lead to the nucleation and growth of 

new, strain-free grains via a discontinuous dynamic recrystallization process (DDRX) [20, 22]. At 

large strains, a fully recrystallized structure is obtained. However, even at this stage, recrystallized 

grains are being further strained and thus undergo additional cycles of dynamic recrystallization. 

Nevertheless, a steady state is reached in which the rate of dislocation input due to the imposed 

deformation is balanced by dislocation annihilation due the nucleation and growth of new grains (as 
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well as some dynamic recovery). Hence, although a nominally equiaxed grain structure is obtained at 

large strains, the distribution of stored energy is not uniform.  

The presence of second phase particles may affect the evolution of microstructure during hot 

working of both high- and low-SFE materials. In high-SFE materials, particles may affect the 

homogeneity and magnitude of dislocation substructure that evolves. In low-SFE materials, particles 

may affect the evolution of substructure, serve as nucleation sites for dynamic recrystallization, as well 

as serve as obstacles to boundary migration during the recrystallization process. 

Flow Curves at Conventional Metalworking Strain Rates 

The stress-strain (flow) curves that are measured under conventional hot working conditions 

are a function of the predominant dynamic softening mechanism.  

 Flow Curves for Dynamic Recovery.

ssσ

 As mentioned above, the hot-working response of high 

SFE metals is controlled by dynamic recovery. In such cases, dislocation generation is offset by 

dislocation annihilation due to recovery processes. The flow curve thus exhibits an initial stage of 

strain hardening followed by a steady-state (constant) flow stress. Typical flow curves for pure iron in 

the bcc phase field are shown in Figure 15 [23]. The magnitude of the steady state flow stress  

decreases with increasing temperature T and decreasing strain rate ε  typically according to a 

phenomenological (hyperbolic sine) relation as follows [19, 20]:  

  Z ≡ ε exp(Q/RT) = C ‘[sinh[(α’ ssσ )]
ndrv     (33a) 

in which Z denotes the Zener-Hollomon parameter, Q is an apparent activation energy, R is the gas 

constant, and C’, α’, and ndrv are constants. The constant ndrv is referred to as the stress exponent of the 

strain rate or simply the stress exponent. Equation (33a) reduces to two simpler forms depending on 

whether deformation is imposed at high temperature/low strain rate conditions (giving rise to low flow 

stresses) or at low temperature/high strain rate conditions (giving rise to high flow stress): 

  Low stresses: Z ≡ ε exp(Q/RT) ~ ssσ
ndrv     (33b) 

  High stresses: Z ≡ ε exp(Q/RT) ~ exp(β ssσ
ndrv)     (33c) 

The constants α’, β, and ndrv are related by β = α’ndrv. Rearrangement of Equation (33b) yields an 

expression identical to Equation (32) in which the temperature dependence of the flow stress is 

incorporated into C, and the strain-rate sensitivity exponent m is equal to the inverse of the stress 
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exponent; i.e., m = 1/ndrv. The loss of the power-law dependence of flow stress on strain rate at high 

stresses, i.e., Equation (33c) is termed power-law breakdown. 

 The activation energy Q in Equations (33a, b, c) can be determined from the slope of a plot of 

log10 σ  versus 1/T at fixed strain rate or log10 ε  versus 1/T at fixed stress, i.e.,  

  
ε∂

σ∂
= I)T/1(

log
m

R3.2Q          (34a) 

or,  

  σ∂
ε∂

−= I
)T/1(

logR3.2Q


        (34b) 

A more fundamental, mechanistic insight into the shape of the flow curve for cases involving 

dynamic recovery may be obtained by an analysis of the overall rate of change of (mobile) dislocation 

density ρ with strain ε , dρ/d ε , i.e., 

   dρ/d ε  =  dρ/d ε |storage − dρ/d ε |recovery .      (35) 

The specific functional form of the dislocation storage and annihilation terms in Equation (35) can be 

expressed as follows [24, 25]: 

   dρ/d ε  = U − Ωρ .          (36) 

In Equation (36), U denotes the rate of dislocation generation due to strain hardening, and Ω is a factor 

describing the rate of dynamic recovery; the rate of recovery is also directly proportional to the 

instantaneous level of dislocation density ρ. At hot working temperatures, U is independent of strain 

rate and temperature to a first order [25]. Thus, the strain rate and temperature dependence of the rate 

of dislocation multiplication is determined principally by Ω = Ω( ε , T). An example of such a 

dependence for a low-carbon steel is shown in Figure 16a [25]. 

 To a first order, the flow stress σ  under working conditions is given by the following 

expression: 

  σ  = αGb ρ  ,          (37) 

in which α denotes a constant whose magnitude is between 0.5 and 1.0, G is the shear modulus, and b 

is the length of the burgers (slip) vector. Inspection of Equations (36) and (37) reveals that the strain-

rate and temperature dependence of the overall rate of hardening in the flow curve is largely 

determined by Ω. The strain-hardening rate is frequently quantified in terms of plots of dσ /d ε  (≡ θ) 

as a function of σ . Typical plots for low-carbon steel are shown in Figure 16b [25]. 
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 Equation (36) reveals that a steady state dislocation density ρss is reached when U = Ωρ, or, 

  ρss = U/Ω ,          (38) 

The steady-state flow stress ssσ  is thus given by the following relation: 

 ssσ  = αGb ssρ  = αGb Ω/U  .     (39) 

Plastic-flow formulations such as Equations (35) – (39) form the basis of so-called internal-

state-variable relations of the flow stress. This specific case utilizes a single state variable, the mobile 

dislocation density ρ. 

 There are a number of alternate approaches to the modeling of dynamic recovery under the 

broad framework of Equation (35). For example, Kocks [26] has shown that a linear dependence of 

strain-hardening rate (dσ /d ε ) on stress (σ ) is consistent with the following relation for dρ/d ε : 

  dρ/d ε  = (k1 ρ  − k2ρ)/b ,        (40) 

in which k1 and k2 are constants. Similarly, for a strain-hardening rate that varies linearly with 1/σ , 

Roberts [27] has shown that the following relation applies: 

  dρ/d ε  = k3 − k4 ρ  ,        (41) 

in which k3 and k4 are constants. 

  More information on internal-state-variable models is contained in the article 

“Constitutive/Internal State Variable Modeling of Flow Behavior of Crystalline Solids” in Volume 

22A of the ASM Handbook.  

Flow Curves for Discontinuous Dynamic Recrystallization.

 Dynamic recrystallization typically initiates at a strain of approximately five-sixths of the strain 

corresponding to the peak stress. Because of this behavior, the peak stress for a material which 

undergoes dynamic recrystallization is less than that which would be developed if the material softened 

solely by dynamic recovery (Figure 18a). The strain at which DDRX initiates as well as the steady-

state flow stress that would be developed in the absence of DDRX are readily determined from a plot 

of d

 Flow curves for materials 

undergoing discontinuous dynamic recrystallization (DDRX) have shapes that are distinctively 

different from those that characterize materials which soften solely by dynamic recovery. Those for 

DDRX exhibit an initial strain hardening transient, a peak stress, flow softening, and, finally, a period 

of steady-state flow. Typical curves for two austenitic stainless steels are shown in Figure 17 [28].  

σ /d ε  as a function of  σ  (Figure 18b).  
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 From a phenomenological standpoint, the strain at the peak stress pε  is usually found to depend 

on the initial grain size do and the Zener-Hollomon parameter Z per an expression of the following 

form [29-31]: 

  pε  = C’’ do
n3Zn4 ,        (42) 

in which C’’, n3, and n4 are material-specific constants. The activation energy specific to DDRX is 

used in the determination of Z. 

 The regime of steady-state flow in stress-strain curves for materials which undergo dynamic 

recrystallization may be smooth or exhibit an oscillatory behavior which dampens with increasing 

strain. Temperature-strain rate conditions for which the dynamically recrystallized grain size is less 

than one-half of the initial grain size show the former behavior. By contrast, those which give rise to 

grain-size coarsening or a reduction of less than one-half of the starting grain size exhibit the 

oscillatory behavior [32]. 

 More information on the modeling of recrystallization is contained in the article “Models of 

Recrystallization” in Volume 22A of the ASM Handbook.  

Effect of Microstructural Scale on Flow Stress at Hot-Working Temperatures 

The effect of microstructural scale (grain size, thickness of lamellae, etc.) on the flow stress can 

at hot-working temperatures varies from relatively weak to very strong. By and large, the influence is 

very small or negligible when the scale of the primary microstructural feature is of the order of 10-20 

microns or greater. Below this size, the effect increases as the scale decreases. Two important 

examples include the plastic flow of materials with a lamellar (colony) or acicular microstructure and 

the superplastic flow of metals with a very fine equiaxed grain structure. 

For materials with a colony or acicular microstructure, such as two phase (alpha-beta) titanium 

alloys [33] and zirconium alloys [34], the thickness of the lamellae or lath-like features is typically less 

than or equal to a few microns. In these cases, dynamic recovery and the formation of subgrains is 

difficult. As such, flow curves exhibit a short strain-hardening transient, a peak stress, and then 

substantial flow softening over a wide range of strain rates (e.g., 0.001 – 10 s-1) (Figure 19a). The 

observed flow softening has been ascribed to slip transmission across interphase boundaries, dynamic 

spheroidization, lamellar kinking, among other factors. For alpha-beta titanium alloys, such as Ti-6Al-

4V, with a colony/acicular alpha microstructure, the peak stress pσ  follows a Hall-Petch dependence 

on platelet thickness [33, 35], i.e.,     
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   ( )2/1
soTp kM −+τ=σ   ,       (43) 

in which MT denotes the Taylor factor for the specific texture, oτ  is the friction (lattice) stress, ks is the 

Hall-Petch constant (‘reduced’ by a factor equal to MT), and   is the platelet thickness. The slope of 

the lines on Hall-Petch plots (Figure 19b) depend on strain rate. However, the overall magnitudes of 

the slope are comparable to that predicted by the classical Eshelby model [36]. The loss of the Hall-

Petch contribution to the strength (the term MTks 
-1/2 in Equation (43)) has also been found to 

correlate to the level of flow softening observed in flow curves for Ti-6Al-4V with a colony/acicular 

microstructure [33]. 

Metals with a moderate-to-coarse equiaxed grain size tend to exhibit a rate sensitivity (m value) 

which varies only slightly with strain rate in the conventional hot working regime (0.01 ≤ ε ≤ 50 s-1).  

By contrast, the m values of metals with an ultrafine, equiaxed grain size (d ≤ 10 µm) vary strongly 

with strain rate (Figure 20). For such materials, a modest rate sensitivity (m ~ 0.25) is shown at both 

very low strain rates (the conventional creep regime, or Region I, in Figure 20) and moderate-to-high 

strain rates (the so-called power-law creep regime, or Region III, in Figure 20). At intermediate rates 

(typically 0.0001 ≤ ε ≤ 0.005 s-1), or Region II, m values are very high (m ~ 0.4 to 1), and superplastic 

behavior (tensile elongations of the order of 500 pct. or more) is obtained. Under superplastic 

conditions, the majority of the deformation occurs by grain boundary sliding (gbs) and grain rotation. 

The flow stress under superplastic conditions is controlled not by the grain-boundary sliding per se but 

by the kinetics of the micromechanical process by which stress concentrations developed at grain-

boundary triple points (due to grain rotation) are relieved. These processes include climb-limited glide 

of dislocations in the vicinity of grain boundaries (i.e., mantle regions) or diffusional flow either 

through the grains or along the grain boundaries. The former explanation (climb-limited glide of 

dislocations), first proposed by Gifkins [37] and later extended by Ghosh [38], appears to be the most 

successful explanation of superplasticity.  

A generalized constitutive relation of the following form is often capable of describing the 

relationship between the flow stress σ , strain rate ε , and grain size d  of single-phase alloys during 

superplastic deformation [39, 40]: 

   )()( p
d
bn

G
)

kT
ADGb( σ

=ε        (44) 
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In Equation (44), A is a constant (usually of the order of 10), D is a diffusion parameter, k is 

Boltzmann’s constant, T is absolute temperature, G is the shear modulus, b is the length of the Burgers 

vector, n is the stress exponent of the strain rate (=1/m), and p is the grain size exponent of the strain 

rate. For superplastic flow characterized by gbs accommodated by climb/glide of dislocations, n ~ 2 

and p ~ 2. For gbs accommodated by diffusional flow, n ~ 1 and p ~ 2 or 3, depending on whether 

bulk (lattice) or boundary diffusion predominates, respectively. 

The extension of the phenomenological relation between ε , σ , T, and d expressed by Equation 

(44) to two- (or multi-) phase alloys is not obvious. This is because an ambiguity arises as to which 

phase the values of D, G, Ω, d, and b relate. For example, for fine, equiaxed two-phase titanium alloys, 

hard alpha phase particles are surrounded by much softer beta-phase grains. In this instance, the alpha 

phase acts like the core (which deforms relatively little) and the beta phase like the mantle (which 

deforms to accommodates stress concentrations) in the Gifkins core-mantle model [37, 41]. The alpha 

particle size is thus taken to be d, and all of the other quantities pertain to the beta phase [41]. The 

applicability of this model for ultrafine Ti-6Al-4V deformed under superplastic conditions is shown in 

Figure 21a. The data in this figure have been plotted per Equation (44) rearranged to express AD as a 

function of 1/T and the measured/imposed values of σ , ε , etc. The plot also includes a line indicating 

the inverse temperature dependence of the diffusivity of vanadium solute in beta titanium. The 

similarity of the slope of this line and the trend line for the plastic flow measurements indicates an 

identical activation energy for the two processes. The fact that the plastic flow trend line lies above the 

diffusivity line by approximately one order of magnitude suggests that A ~10.  

For materials which undergo grain growth or coarsening during superplastic flow, the value of 

d in Equation (44) increases with strain and must be taken into account when interpreting flow 

response. As an example, constant strain rate flow curves for the superplastic deformation of Ti-6Al-

4V (used in part to derive Figure 21a) are shown in Figure 21b. The observed flow hardening is a 

result of the dynamic coarsening of the alpha particles [41, 42].         

Effect of Crystallographic Texture on Flow Stress 

Crystallographic texture, or the preferred orientation of the grains comprising a polycrystalline 

aggregate, can also have a major effect on the flow stress at hot- (and cold-) working temperatures. The 

influence is greatest for metals with low-symmetry crystal structures and metals of any crystal 

structure having a very strong texture. 
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Single-phase alpha and alpha-beta titanium alloys can exhibit stress-strain curves which vary 

noticeable with test direction as a result of a strong texture of the hcp alpha phase. For example, Figure 

22a shows stress-strain curves measured in compression on samples cut from the rolling (“L”), long 

transverse (“T”), 45 degree, and short transverse/thickness (ST) directions in a textured plate of Ti-

6Al-4V with a colony alpha microstructure [43]. Focusing on the peak stress, the plate was strongest 

along the rolling direction and weakest along the 45 degree direction in the plane. These trends 

correlated with the texture quantified in terms of inverse pole figures (Figure 22b). Basal poles were 

preferentially aligned with the L direction thus forcing the activation of the strong <c+a> slip system in 

the hcp alpha lamellae. Similarly, prism poles were preferentially aligned with the 45 degree direction, 

thereby favoring the activation of the complementary (softer) prism <a>  systems.    

The presence of a strong crystallographic texture even in a metal with a high-symmetry crystal 

structure (e.g., cubic) can also lead to flow curves which exhibit a directionality with test direction. For 

example, cast ingots of fcc metals typically have strong 100 fiber textures associated with the 

development of coarse columnar grains during solidification. When tested parallel or perpendicular to 

the columnar-grain/ <100>-fiber direction, the plastic-flow response will be different, as shown in the 

results for a production-scale Waspaloy ingot (Figure 23) [44]. Samples compressed transverse to the 

fiber-texture axis showed a peak stress following by flow softening, a behavior typical of a material 

undergoing discontinuous dynamic recrystallization. By contrast, the stress-strain curves from tests 

parallel to the fiber axis showed a lower peak stress followed by nearly steady state flow. These 

differences can be explained in terms of the evolution of the Taylor factor [44]. In the as-cast 

condition, the transverse samples had a higher Taylor factor than the axial samples and thus a higher 

peak stress. The Taylor factor after recrystallization of the transverse samples was similar to that 

initially, thus leading to the typical flow curve for material undergoing dynamic recrystallization. On 

the other hand, the Taylor factor of the axial samples increased during deformation due to 

recrystallization, thereby leading to an increment of texture hardening that counterbalanced the flow 

softening due to dynamic recrystallization.     

Effect of Second Phases on Flow Stress 

The flow stress of materials comprising two (or more) equiaxed phases (each of whose size is 

greater than or equal to ~ 10 µm) is usually a complex function of the specific volume fraction and 

individual flow stress of each constituent. In particular, the activation energy of the alloy (determined 



   

23 
 

per Equation (34)) is often found to be a function of the volume fraction and activation energy of each, 

and thus exhibits a complex dependence on temperature.  

Isostress, isostrain, and self-consistent modeling approaches have been used to understand the 

flow behavior of two-phase materials [45]. The self-consistent analysis appears to be the best, as 

demonstrated by its application for alpha-beta titanium alloys [46]. In brief, the analysis assumes (i) 

the flow behavior of each of the two individual phases can be described by a power-law relation of the 

form of Equation (32), (ii) the m value is the same for both phases, (iii) the strength coefficients of the 

two phases, C1 and C2, are different. The analysis yields the overall strength coefficient of the alloy 

(Calloy) as a function of the volume fraction of the harder phase f1 and the ratio C1/C2 and thus the alloy 

constitutive equation σ = Calloy ε m. Parametric results for m = 0.23 are shown in Figure 24 [46]. 

Results for m = 0.15 and m = 0.30 (which typically span those commonly found during hot working) 

are similar. 

The self-consistent analysis is also useful in quantifying the effect of temperature history on the 

flow stress of two-phase alloys [46, 47]. This is especially important for conventional metalworking 

and high strain rate processes in which die chill or deformation heating, respectively, gives rise to large 

temperature transients. The non-equilibrium microstructure developed during such processes (which 

can be quite different from that in typical isothermal compression, tension, and torsion tests) is 

quantified by diffusion models and coupled with the self-consistent analysis to predict flow stress.    

More information on the application of the self-consistent method of modeling plastic flow and 

texture evolution is contained in the article “Modeling and Simulation of Texture Evolution during the 

Thermomechanical Processing of Titanium Alloys” in Volume 22A of the ASM Handbook. 
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Figure Captions 

Figure 1. Data from the uniaxial tension test: (a) Engineering stress-strain curve, (b) true stress-strain 

curve, and (c) schematic illustration of dimensional changes during the test. [2]  

 

Figure 2. Determination of the strain at the onset of necking during the tension test. [2]  

 

Figure 3. Axial stress distribution at the symmetry plane of a necked portion of a tension specimen. [2, 

3]  

 

Figure 4. Compression test specimen: (a) View of specimen, showing lubricated shallow grooves on 

the ends and (b) shape of the specimen before and after the test.  

 

Figure 5. Typical specimen designs for the compression testing of cylinders: (a) Sample with spiral 

grooves or (b) Rastegaev specimen. [4]  

 

Figure 6. Room-temperature data for annealed aluminum alloy 1100: (a) Load-displacement curve 

from  a cylinder-compression test and (b) true stress-true strain (flow) curve results from both 

cylinder compression and ring compression. [5]  

 

Figure 7. Press setup and sample tooling design used for the hot compression of cylinders and rings.  

 

Figure 8. Compression samples before and after hot deformation. (Left to right: AISI 1018 steel, 

nickel alloy 718, Ti-6Al-4V)  

 

Figure 9. Flow curves for (a) Type 403 stainless steel at 1800, 1950, and 2050°F (980, 1065, and 

1120°C) and (b) Waspaloy at 1950, 2050, and 2100°F (1065, 1120, and 1150°C). The tests 

were conducted in a mechanical press in which the strain rate was not constant. [6]  

 

Figure 10. The ring test: (a) Schematic of metal flow and (b) example rings upset to various reductions 

in height.  
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Figure 11. Calibration curves for isothermal compression of rings having initial OD: ID: thickness 

ratios of (a) 6:3:2, (b) 6:3:1, or (c) 6:3:0.5. [7]  

 

Figure 12.  Schematic illustration of the plane-strain compression test. [11] 

 

Figure 13. Schematic diagram of specimen design and stress-wave propagation for (a) compressive 

and (b) tensile Hopkinson-bar tests. [13] 

 

Figure 14. Comparison of measurements (data points) of the strain-rate-sensitivity exponent (m) as a 

function of the homologous temperature (fraction of the melting point) for various materials 

and an analytical model (solid line). [18] 
 

Figure 15. Flow curves for Armco iron deformed under hot-working conditions in the ferrite-phase 

field. [23]  

 

Figure 16. Characterization of the flow behavior of a low carbon-steel under hot working conditions: 

(a) Ω as a function of temperature and strain rate and (b) the overall hardening rate εσ=θ d/d  

as a function of stress σ  at a strain rate of 2 s-1 and various temperatures.[25]  

 

Figure 17. Flow curves for 316 and 317 stainless steels deformed under hot-working conditions. [28]  

 

Figure 18. Schematic illustration of work hardening behavior for a material undergoing dynamic 

recrystallization at hot-working temperatures: (a) stress-strain curve and (b) corresponding plot 

of d σ /d ε  as a function of stress σ .  

 

Figure 19. Effect of alpha-platelet thickness on plastic flow of Ti-6Al-4V (with a lamellar/acicular 

microstructure) at 900°C: (a) Flow curves and (b) Hall-Petch plot for the peak flow stress, pσ  

[33].  
 

Figure 20. Schematic illustration of the variation of flow stress with strain rate (on a log-log basis) for 

a fine-grain material which exhibits superplastic flow.  
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Figure 21. Superplastic flow of ultrafine Ti-6Al-4V: (a) Plot illustrating applicability of the 

generalized constitutive relation (Equation (41)) and (b) stress-strain data in the superplastic 

regime indicative of flow hardening due to dynamic coarsening [41]. 
 

Figure 22. Plastic flow behavior of textured plate of Ti-6Al-4V with a colony- (lamellar-) alpha 

microstructure: (a) Stress-strain curves of samples oriented along different directions in the 

plate and (b) the corresponding inverse pole figure for each compression-test direction [43]. 

 

Figure 23. Stress-strain curves from compression tests parallel (“axial”) or perpendicular 

(“transverse”) to the columnar-grain/<100>-fiber direction of a cast-and-homogenized 

Waspaloy ingot [44]. 

 

Figure 24. Predictions from a self-consistent model of the dependence of the strength coefficient of a 

two-phase alloy (Calloy) on the ratio of the strength coefficients of the two phases (C1/C2) and 

the volume fraction of the harder phase (f1), assuming m1 = m2 = 0.23 [46].  
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	Flow Curves for Discontinuous Dynamic Recrystallization. Flow curves for materials undergoing discontinuous dynamic recrystallization (DDRX) have shapes that are distinctively different from those that characterize materials which soften solely by dynamic recovery. Those for DDRX exhibit an initial strain hardening transient, a peak stress, flow softening, and, finally, a period of steady-state flow. Typical curves for two austenitic stainless steels are shown in Figure 17 [28]. 




